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ABSTRACT

The 2002 Southern Hemisphere final warming occurred early, following an unusually active winter and
the first recorded major warming in the Antarctic. The breakdown of the stratospheric polar vortex in
October and November 2002 is examined using new satellite observations from the Michelson Interferom-
eter for Passive Atmospheric Sounding (MIPAS) instrument aboard the European Space Agency (ESA)
Environment Satellite (ENVISAT) and meteorological analyses, both high-resolution fields from the Eu-
ropean Centre for Medium-Range Weather Forecasts and the coarser Met Office analyses. The results
derived from MIPAS observations are compared to measurements and inferences from well-validated solar
occultation satellite instruments [Halogen Occultation Experiment (HALOE), Polar Ozone and Aerosol
Measurement III (POAM III), and Stratospheric Aerosol and Gas Experiments II and III (SAGE II and
III)] and to finescale tracer fields reconstructed by transporting trace gases based on MIPAS or climato-
logical data using a reverse-trajectory method. These comparisons confirm the features in the MIPAS data
and the interpretation of the evolution of the flow during the vortex decay revealed by those features.
Mapped ozone and water vapor from MIPAS and the analyzed isentropic potential vorticity vividly display
the vortex breakdown, which occurred earlier than usual. A large tongue of vortex air was pulled out
westward and coiled up in an anticyclone, while the vortex core remnant shrank and drifted eastward and
equatorward over the South Atlantic. By roughly mid-November, the vortex remnant at 10 mb had shrunk
below scales resolved by the satellite observations, while a vortex core remained in the lower stratosphere.

1. Introduction

The meteorology of the Southern Hemisphere (SH)
stratosphere was highly unusual in the winter and
spring of 2002. The first major stratospheric sudden
warming ever observed in the SH occurred in late Sep-
tember, characterized by an episodic reversal of zonal-
mean zonal winds from westerlies to easterlies over the
high southern latitudes. The strong amplification of

planetary waves propagating up from the lower strato-
sphere led to a splitting of the polar vortex into two
lobes (e.g., Allen et al. 2003; Newman and Nash 2005).
These events were accompanied by splitting of the Ant-
arctic ozone hole (Hoppel et al. 2003; Eskes et al. 2005).
The meteorological situation had in fact been very dis-
turbed throughout the winter, with several precursory
pulses of increased planetary wave amplitude and
fluxes from May to August (Allen et al. 2003). While
large-amplitude planetary waves and fluxes usually
maximize in the SH spring (Yamazaki and Mechoso
1985; Mechoso et al. 1988; Hirota et al. 1990; Manney et
al. 1991), their magnitudes were exceptionally large in
September 2002. By mid-October, a weakened polar
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vortex recovered a pole-centered position, as one of the
two lobes was expelled to the middle latitudes, where it
rapidly mixed with extravortex air. Wave heat fluxes
from the lower stratosphere intensified anew in the sec-
ond half of October and were rapidly followed by the
final warming, which occurred earlier than in previous
years (Allen et al. 2003).

The final warming of the SH polar stratosphere and
the disappearance of the cyclonic polar vortex normally
occur in November or early December. The warming
characteristically shows downward progression with
time, and the vortex is longer-lived in the lower strato-
sphere (Manney et al. 1994a,b; Waugh and Randel
1999, hereafter WR99). Climatological diagnostics of
the vortex breakdown involves definitions of a thresh-
old size or wind speed, below which the vortex ceases to
exist as an entity. Exact breakdown dates are sensitive
to the parameter choice, albeit weakly so (Waugh et al.
1999). Area diagnostics are commonly used in strato-
spheric meteorology (Butchart and Remsberg 1986;
Manney et al. 1994a). The area within isentropic poten-
tial vorticity (PV) contours can be converted into an
equivalent latitude, and the location of the strong PV
latitudinal gradient identifies the vortex edge. The
equivalent latitude of a PV contour is the latitude
bounding a polar cap of the same area as the one en-
closed by the PV contour. At 850 K (475 K), the vortex
edge is normally located at an equivalent latitude near
60°S in late winter and, by the end of October, retreats
poleward to a mean equivalent latitude of 75°S
(70°S)�/�5° depending on the given year (WR99).

Processes leading to the vortex breakdown in the SH
springs of 1982 and 1992 have been documented by
Farrara and Mechoso (1986) and Lahoz et al. (1996),
respectively. The latter study used global analyses from
the Met Office (UKMO) and satellite observations of
water vapor from the Microwave Limb Sounder (MLS)
instrument aboard the Upper Atmosphere Research Sat-
ellite. Both studies showed that wintertime anticyclones
develop over preferred geographical regions. The latter
also showed that springtime eastward-traveling anticy-
clones slow down as they approach the 90°E–180° sec-
tor and ultimately coalesce in a large, persistent station-
ary anticyclone, located south of Australia. Using 9 yr
of Southern Hemisphere springtime meteorological
data, Harvey et al. (2002) show that these “Australian
high” anticyclones are climatological features that each
year repeatedly form at longitudes between about 180°
and 270°E and then migrate westward into the 90°E–
180° sector where they remain quasi-stationary. Harvey
et al. (2002) further show that these anticyclones gradu-
ally move over the pole during the final warming. While
the winter vortex is preferably found at western longi-
tudes (especially the 0°–90°W quadrant), it progresses
eastward in the final warming stage (WR99).

We examine the vortex breakdown in October and
November 2002, using two new datasets. First, we use
operational meteorological analyses produced by varia-

tional data assimilation at the European Centre for Me-
dium-Range Weather Forecasts (ECMWF). These are
now available at unprecedented resolution and exhibit
exquisite detailed fluid dynamical–like features, such as
thin filaments or small vortices (Simmons et al. 2005).
Second, we use satellite observations of ozone and wa-
ter vapor from the Michelson Interferometer for Pas-
sive Atmospheric Sounding (MIPAS) instrument
aboard the Environment Satellite (ENVISAT) launched
in March 2002. We will demonstrate that these new
satellite observations of minor constituents provide a
view of the initial stage of the vortex breakdown as
large, coherent remnants form and begin to mix down.
In section 2, we briefly describe the MIPAS instrument,
and in section 3, we discuss the meteorological data.
The meteorological conditions associated with the
breakdown of the vortex are described in section 4, and
how these events unfold in the ozone and water vapor
distributions measured by MIPAS are discussed in sec-
tion 5. The next two sections compare mapped MIPAS
water vapor to a passively advected water vapor (sec-
tion 6) and to validated measurements and inferences
from solar occultation instruments (section 7). Conclu-
sions are presented in section 8.

2. MIPAS observations of ozone and water vapor

MIPAS is a limb-scanning infrared interferometer
that measures temperature, ozone, water vapor, and a
whole suite of other minor atmospheric constituents.
Additional instrument characteristics are described in
Glatthor et al. (2005). The ENVISAT sun-synchronous
polar orbit provides global coverage with nearly 14 or-
bits per day. The along-track sampling corresponds to a
horizontal resolution of approximately 500 km. Obser-
vations range from the tropopause to the mesosphere
and have a vertical resolution of 3–4 km.

Operational retrievals are performed by the Euro-
pean Space Agency (ESA), and the first date available
to us through a validation and calibration program was
24 October 2002. We have used 1 month of observa-
tions of ozone and water vapor, starting on that date,
from the ESA MIPAS fast-delivery “Meteo-Products.”
Along-track ozone and water vapor mixing ratios were
interpolated onto potential temperature levels calcu-
lated from retrieved temperature profiles.

Ozone and water vapor maps have been produced by
binning along-track data in longitude (36° bins) and
latitude (10° bins). The data have been lumped in 3-day
periods prior to spatial binning, in order to achieve
global coverage in the presence of missing orbits in the
operational ENVISAT dataset. Available data are
listed in the Table 1. Missing data have precluded the
use of truly synoptic mapping, a technique that has
been used to study vortex dynamics and planetary
waves in trace species observations from polar-orbiting
satellites (Manney et al. 1998). Its use is not so critical
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for slowly moving features such as those studied here.
Our maps, while coarse in space and time, capture in-
teresting features of the vortex dynamical evolution in
the spring of 2002. A detailed validation of the MIPAS
observations is out of the scope of the present study,
but we use inferences from solar-occultation measure-
ments and idealized tracer advection to confirm the
evolution of the vortex and its remnants as diagnosed in
the MIPAS observations.

3. Meteorological data

We use two sets of meteorological analyses in this
study. First, we use the very high resolution analyses
from the ECMWF to describe in detail the final break-
down of the polar vortex and the ensuing fate of its
remnants. The 6-hourly analyses of geopotential height
and PV are produced by four-dimensional variational
data assimilation and have a maximum resolution of
about 0.2° (spectral truncation T511). Equivalent lati-
tudes were calculated with the full T511 resolution.
Note that PV is negative in the SH.

The proxy tracer reconstructions on the other hand
(section 7) are based on establishing correlations be-
tween sparse satellite occultation measurements and
PV. Hence, we have relied on the coarser analyses from
the Met Office stratosphere–troposphere assimilation
system (Swinbank and O’Neill 1994). These data are

available once daily at 1200 UTC on a 2.5° latitude by
3.75° longitude grid. While we recognize that the use of
a single assimilated dataset might have been more con-
sistent, for the sake of comparing coarse-grained fea-
tures that are likely to be similar in both sets, we utilize
the Met Office data as in Randall et al. (2005) for the
proxy tracer reconstructions. Similarly, reverse-tra-
jectory (RT) calculations (section 6) are based on the
Met Office analyses as in Manney et al. (2000).

4. The collapse of the SH vortex in
early November

During the austral spring 2002, the zonal-mean zonal
winds reversed to easterlies in late October at 10 mb
(Allen et al. 2003; Krüger et al. 2005). Examination of
42 yr of ECMWF Re-Analysis (ERA-40) covering the
years 1960 to 2001 indicates that easterlies do not usu-
ally prevail in the November mean at that altitude, as
was the case in 2002. Furthermore, only in 1988 and
2002 was the zonal-mean zonal wind at 10 mb westward
and exceeded �10 m s�1. The final warming in 2002
hence occurred earlier than usual.

A sequence of PV maps at 850 K (Fig. 1) and geo-
potential height maps at 10 mb (Fig. 2) shows that the
dramatic evolution of the vortex final breakdown in
early November is largely governed by vortex interac-
tions:

• On 2 November, a still-closed intact vortex, albeit
small, is displaced off the pole, and a tongue of sub-
tropical air is drawn close to the South Pole, crossing
over South America and coiling cyclonically around
the vortex. We will refer to this tongue as tongue “S.”

• By 5 November, the vortex is very elongated, and a
large tongue of vortex air is pulled westward and
coiled around an anticyclone. We will refer to this
tongue as tongue “V.”

• By 8 November, this pulling apart of the vortex has
intensified, as the anticyclone between Australia and
Antarctica drifts further westward, and the collapsing
vortex drifts castward over the southern Atlantic.
The coiling of tongue V around the anticyclone con-
tinues.

• On 11 November, two major pools of vortex air per-
sist over the Western Hemisphere, including tongue
V and the vortex core remnant over the southern
Atlantic.

The final collapse of the weak vortex in early No-
vember as revealed by the detailed PV fields is quite
rapid and spectacular. There are ubiquitous small-scale
vortices and filaments in the analyzed PV, which re-
main coherent over several days (Simmons et al. 2005).
Intriguingly, the thinning tongue V pulled westward out
of the vortex rolls up into a small, coherent cyclonic
vortex during 8–11 November (near 40°S and 150°E on
11 November). Both the small eddy and the two

TABLE 1. Number of MIPAS along-track observations at 850 K
in the SH used in this study. Data have been recovered from the
operational near–real time products from ESA and contain miss-
ing data or orbital segments varying from day to day. Note the few
observations on 1–3 Nov, a fact that might affect the quality of the
maps covering this 3-day period.

Date No. of obs

24 Oct 2002 179
25 Oct 2002 286
26 Oct 2002 205
27 Oct 2002 60
28 Oct 2002 295
29 Oct 2002 230
30 Oct 2002 259
31 Oct 2002 297

1 Nov 2002 7
2 Nov 2002 1
3 Nov 2002 75
4 Nov 2002 219
5 Nov 2002 206
6 Nov 2002 259
7 Nov 2002 283
8 Nov 2002 196
9 Nov 2002 0

10 Nov 2002 271
11 Nov 2002 276
12 Nov 2002 295
13 Nov 2002 289
14 Nov 2002 254
15 Nov 2002 216
16 Nov 2002 216
17 Nov 2002 190
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